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I. INTRODUCTION

Recent  hi gh-vol tage  ( [IV)  fa i lures  of t ravel ing wave tubes ( T W T s )
undergoing l o n g- t e r m  t h e r m a l - v a c u u m  e xe r c i s i n g  and qual i f ica t ion  test ing
emphasize  the need for  a test  method that can detect an exis ting or latent
hi g h -vo l t age  defect  earl y in f ab r i ca t ion  and in t e s t ing .  Althoug h the present
I W 1’ qua l i f i c a t i on  p rocedures  do include hig h -vo l t age  t es t s  that e lectr ical ly
and env i ronmen ta l ly  s t r e s s  the TWT above opera t ional  levels , with the~ s
t e s t s , toget her with t h e i r  p a s s - f a i l  c r i t e r i a , apparent l y it is not possible to
de tec t  tubes that  wi l l  ev e n t u a l ly  f a i l ,  as evidenced b y f a i l u r e s  on the test
rack and t he  suspe . ted hig h-voltage f ai l u r es  in space.

The fol lowing e f f or t s  w e r e  conducted to gain a thoroug h understanding
of the r equ i remen t s  that  must  be placed on any new or improved test technique:
( I t  All available TWT hi gh -vo l t age  f ai lu re  analyses were reviewed to identif y
fa i l u r e  me b an s  s tus . ( 2 )  I l i g h -  v o l t a g e  t e s t  me thods  u r r e n h l y  used by th ~ TWr
m a n u f ac t u rers  were  examined , and the appl icabi l i ty  and l imitat ions of each
were  noted wi th  respect  to the possible f a i lu re  mechanisms .  (3)  Since high-
v o l t a h e fa i lu re in electrical  sys tems has been a subjec t  of in te rest  and in-
ve s t i gat i o n for  several  decades , pe r t i n e n t  i n fo rmat ion  cove ring both test
resul ts  and t echn i ques f rom the open l i t e r a tu re  and di rec t ly from several
specia l is ts  in the f ield was reviewed.  (4) Co rona detection devices that are
comme rcially available from seve ral ma n u f a c t u r e r s  were evaluated with
respect to applicability and capability .

All hi gh-voltage failu re analyses that have been performed to date indi-
cat e that failu re is a result  of a breakdown of the polymer encapsulation system
of the TWT. In most of the cases,  this  breakdown occurred at the polymer
po t t ing-ce ramic  in ter face , al though in one or two cases , the breakdown
occurred in the bulk potting. In all these cases, the defect was electrically
detected in a late or f inal  phase of failu re and later confi rmed by destructive

-7-
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e x a m i n a t i o n . Detect ion of the defec t  at the  ini t ial  phase was not the objective

in the hig h-vo l tage  t e s t s  and could not be per formed with the ins t rumenta t ion

that  was  used.  Howeve r , de tec t ion  of aU high-voltage defects  at th is  early

s t s g e  i s  s s . n h i . i I to p r v ~~nt tai l ti r es d u r i n g  space .tpp l i  . t t ions  t h a t  we re

in i t i a ted  or w e r e  in an ear ly  s tage  d u r in g  the f i na l  phase of h i g h - v o l t a g e  t e s t i n g .

There fo re, a p r i m a r y  requ i r emen t  of the techni que to be developed is that it

have an earl y de tec t io n capabili ty , wh ich  d i c t a t e s  a s y s t e m  t h a t  is  h i g h ly

s e n s i t i v e  to h igh - v o l t a g e  d e f e c ts .  The V I.\~ . Vr  is subj ec ted  to l ong - t e rm thermal

vacuum c y c l i ng  and h i g h - v o l t a g e  t e s t i n g  for  s c r e e n i n g  pu rposes.  This tech-

ni gue i s  expected to accele ra te  the  g rowth of any m i n o r  defect  and in i t i a te  the

g r o w t h  -‘f any lat e n t  defects in the e n c a p s u l a t i o n  s y s t e m .  Also , diag nostic

t st si  cn~s Is t h . i t  m i  gh t  m d i  i t t ’  .t hi g~~ — \ V ) t a g ( .  ~~~ Ic t inay  lx’ enhan ed sinde r

t r t . m in  the  rm .~ I — ~~~~ .- u m i m  c-on dm t m~ ns . The r ef  re . t h e  sys tern to ~~ ye lo pe d

rn u s t  V t I 5 ~~ hd~~
V I. ,~ 

t h e rm.sI~~v . i(u u m  t e s t  . ip ab i l i ty .  —

The r e v i ew  f v a r i ou s  t e c h n i ques i n c l u d i ng  acous t i ca l, optical , and

e l e ct  r - - ~~t m  c ii - n e t h o k th at  h a v e  been  or .ire be ing  used  to detect  de fec t s  in

p ‘I v i n e  r in su lat ini (m m m l v  v o i d s  in poly m e r  m a t e r i a l s)  i n d i c a t e s  that  only

t h e  e lec t  r~ c a I  t e  ‘.t m et h d . i .  e. • the p a r t i a l  d i s c h ar g e  ( P D)  detect ion method,

h ~~~ t h e  seri s i t ~ v i ty  a nd  the g e n e  r.i l app l i c a b i l i t y  t o  be of use  in t e s t i n g  TWTs

r 1\V T c- n~~ ‘~ en t 5 .  The su r v ey  a n d  examination of s evera l  PD detect ion

t h a t  ir e  c - ~ n m e  rc s a l l y  .t . . I i l . L b l e  i n d i c a t e  comparable  capabi l i t i es  and
.. - n s i t i v i t m r s .  -\ c n ’n t ’ r c m a l  t e s t  ~v s t e r n  ~‘- LS not ob ta ined  immed i ately for

I ‘.V I t~~~~t m n ~~ i t  - \ -  r ‘ M ~~~~V i ~~~~~’ h - c L k i s e  - ‘f u n c e r t a i n t i e s  c o n c e r n i n g  the prec ise

lev e l  ~~ s e n s  i t i v  ~tv  r eq is  I r ed .  \ dec  i si -n ~. as made  to  develop a Pt) detect ion

svs tc ’r i ~ ~~~“ labr~r at rv e qm s i p n wn t  ava i lab le  in the  M a t e r i a l s  Sciences

L i t>  ‘ r . m t ) r v .

t~ Secti ‘n II -‘1 this repo rt , the Pt )  de t ec t i on  t echn ique  i s  b r ie f ly

~esc r ,- t . Vmnd the essenti al elements of the de tec t ion  system g iven .  The

f ea t u r e s  -~ 1 c ich -‘f t \~~
() p o s s i b l e  a r r a n g e m e n ts  of the  Pt) de tec t ion  ci r c u i t

ir e  exp l . iined .  ( A d d i t i o n a l  i n f o rmat ion  is g iven  in Appendix A . )  One of these

sy s t e” ‘.‘. i s  se lec t ed  for  d e v e l o p m e n t .  The capabi l i t ies  and sensi t ivi ty  re-

qu i r e d  of t h i s  sy s t e m  i re  g i v e n .  

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~ - V- —-



In Section III. The Aerospace Corporation PD detection system set up

for TWT testing is described. The electrical circuit , as well as the physical
layout of this system, is given. Thermal-vacuum capabilities are described.

(Investigations of several circuit arrangements that determined the design

of the present system are described in Appendix B.)

In Section IV are listed sonic of the measurements that have been
obtained. In Section V, the future developmental efforts planned for this sys-

tem are discussed.

-9-
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it .  PAR FIAL-DLSCIIARGE DETECTION METHOD

M i n u t e  v~~ti ls , c r a c k s , and separa t ions  in the encapsulat ion system of

the IV W I can r e su l t  f r o m  poor fabr ica t ion  technique s, ext reme environmental

s t r e s s es , and l >ng -t e r rii ope ra t i on .  These  c av i t i e s , unde r  appropriate elec-

r ical  st  r s  s , c a r s  ex h i b i t  c o r on a - l i k e  d i s c h a r g e s .  (These d i s c h a r g e s  are

~m stmallv rete rred to as pa r t i a l  d i s c h a r g e s  (Pt ))  t o  m n d i c . m t e  t n a t  t hey  extend across

-rm lv  .i par t  of t h e  d i s t a nc e  s e p a r a t m n i z  the  metal e lectrodes.  ) This t rans ient

phen > ’r m e n o r s  p r ov ides  an e l e c t r i c a l  means  of de tec t ing  encapsulat ion defects
l ) e c . m u s c  the pa r t i a l  d i s c har g e s  o c c u r r i n g  in the de fec t s  produce cur ren t

i mpu l se s  at t h e electrodes in contact -‘.‘. i th the encapsulat ion .

Placement of the e lec t rode-encapsu la t ion  u n it  (T W T  test  sample) within

t h e  h a s i t  P t )  d r t , t t m - ’ n  t ir i . u m t  m~ s h o w n  in  F i g .  I. The elements of this c i r c u i t

.t re : ( I )  t h e  h i g h — v u l t . s  
~~~ 

50 r i . ( 2 )  the  h i g h — vo l t age  — s u m s  r c e  impe dance , (3)  the

t e st  samp le C , (4)  t he  c oupl ing  a t  it o  r C , (r > )  the de t ec t i on  i mpedance Z , and

(t ~ a detec t ion  s vs  t e rn  t ha t  u s u a l ly  i n c l u d e s  amp li f ie  rs , f i l t e  rs , oscilloscopes,

an d c o u n t e rs . I h e  high-voltage sou rce is  a c o r o n a - f r e e  d i r e c t - c u r r e n t  powe r

supply  ~v i t h  var i ab l e  vu ,  t a g e  amp li tude up to at least  twice the ope rating volt—

age of the T W T .  The high- v> Ita gc sou rce i mpeda n ce is made lar ge enou gh

to pre .ent bypass of the  P~) pu l se  t h r o u g h  the powe r supp ly, and t h e Ccc is

usually l a rge  enough to m i n i m i z e  i t s  impedance to the h i g h - f r e q u e n c y  PD

pulse .  The de t ec tion  impedance may be e i t h e r  i nduc t ive  or capac i tive ; in

either case, i t  is shu nted b y the  capacitance of the connect ing  cable.

The de tec t ion  impedance can he placed either in ser ies  with  th” test

sample ( se r i e s  de tec t ion)  m r  in parallel to the test sample (parallel detection )

( F i g .  I ) .  The inheren t  charge  or voltage detect ion sens i t iv i ty  of these two

ar r a n g e m e n t s  is  analyzed in te rm s of the capacitances of the circuit  and is

g iven  in Appendix A. This analysis indicate s the fol lowing:

1. In both a r r a n g e m e n t s ,  detection sens i t iv i ty  decreases with
an increase in t es t - sample capacitance. For small - test-
sample capacitance (as In tes ts  of TWTs). the series detec-
tion c i rcu i t  sens i t iv i ty  is h igher  than that of paral lel detec-
t ion c i r c u i t .  For large C~, the two sens i t iv i t ie s are about equal.

— I I —
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2. In both a r r angemen t s , sensit iv i ty  rapidly inc reases with
i nc reases  in coupling capac i tance  at smal l  ~~~ values .  At
l a rge  ~~~ values , se n s i t i v i t y  slowl y approaches a f in i t e
l imi t .  The charge  s tored in Ccc is dumped t h r ou g h  C~ in
the event  of t es t  sample f a i l u r e .  Therefore , the value of
~~~~ is selected f rom the stan dp o in ts  of h i g h - d e t e c t ion
sensitivity and minimum (tanlag e to the tes t  samp le.

~ . In both a r r an g e m e n t s , the h i g h  v o l t a g e - to -g r ou n d  s t r a y
capaci tance onii tt ed in t V  

~g . I niu st  be m i nim  i .!ed f.. r hig h —
de t ec t ion  se n s i t i v i t y .

4. For the case in w h i c h  ( ‘
~~ ~~~~ as in t e s t s  -‘ 1 TW l’s , h i g h -

f r e q u e n c y  no i se  p icked  up on the  h i gh - v o l t a g e  se c t io n  of the
t e s t  c i r c u i t  is pre f e r e n t i a l l y shun ted  t~~ gr ou n d  t }ir ’ugh the
coup l ing  capac i tor .  T he r e f o r e , p l a c e m ent  of t h e  d e t e c ti on
impedance  in s e r i e s  w i t h  t he  t e s t  sample r e su l t s  in lo we r
no ise  p ick  up .

On the ba s is  ml these  c uss ider ati ‘ns , the  d e c i s i o n  was  made t o  develop a PD
detect ion s y s t e m  w i t h  t he  de t ec t ion  c i r c u i t  i r s  s e r i e s  with the t e st  sample.
H- w e v e r.  if r e q i s i  red , t h i s  sy s t e m  can be cunve rted t o  t he  alt e r n a t i v e  ar range-
m e n t  in w h i c h  m u e  end f t h e  t e s t  samp le can be t i ed  d i r e c t ly  t ~ round .

S e n s i t i v i t y  is  d e f i n e d  h e r e  as the  r a t io  of c h a r g e  per  vol tage  at the in-
put to the de tec t ion  c i r c u i t  t o  c h ar g e  per  vo l tage  at the te r tn in a l s  f the te st
sample. T h is  q u a n t i t y  is s i g n i f i c a n t  w h e n  c o m p a r i n g  v a r iou s t e s t  ar range-
m e n t s .  H o w e v e r , the q uan t i t y  tha t  is r n e a s m m  red du r ing t e s t i ng  is the output
of the de t ec t i on  c i r cu i t .  The calibration of t h i s  output s igna l  t h e r e f o r e  is

critical for the q~iantit~ tive measurement -.f p a r t i a l  d i s c h a r g e s .  Calibration
of severa l st a n d ar d  P1) ( let ec t i on  c i r c u i t s  is  descr ibed  in ASTM Standard
[) 1~~>~~ _ 3 t and IEEE St .mn d ard  4 S4~ P 173 . Ca l ib ra t i on  of the test  c i r cu i t
se lected t ’ r  developm en t by one of the i nd i ca t ed  t e c h n i q u e s  is described in
Sect  ion  UI .

t S t a n d ar d  M ethod  fo r  De t ec t i on  and M e a s u r em e n t  of Discharg e  ~Co rona)
P u l s e s  in  E v a l u a t i o n  of In su l a t i o n  sy s t e m s ,  A SV IV M S tandard  Di~~6R - 7 3 ,
A m e r i c a n  So c i ety  f o r  r e s t i n g  and M at e r i a l s  ( t ~~7~~).

~ t EE E  Recommended  Prac t i ce  for  the Detection and Measurement  of Partial
Discharges  (Corona )  Dur ing  Die l ec t r i c  Tests,  IEEE Standard 464-1973 ,
The Instit ’ut~ of E lectr ical  and E lec t ronics  Engineers ,  Inc . • New York
( 10 7 3) .

— IL
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The essential capabilities and sensitivity required for PD testing of
rw’r s fo llow :

Charge Detection Threshold 1 . 0 pC

Pressure  Range  iø- -~ Torr  to 1.0 atm
Temperatu re Range -40 to 4V 90’C
Cy l ind r i ca l  Test Volume 30 V cm dians
N u m b e r  of Charge  Detec t ion  Channels  3 or  more

rhese sp e c i f i c a t i o n s , in  part , were based on ( 1)  cu r r en t  TWT environmental
t es t  condi t io ns,  ( 2 )  reported PD t est s  of ‘rWTs , and ( 3 )  PD tes ts  per formed

‘ri o t her  types of sys tems i , c. ii . .  t r a n sf o r me r s  and power  supplies. Develop-
m e n t  i f  the A erospace  Pt )  s yst e m  was d i rec ted  toward  ach iev ing  these basic
c~ pabilitics . Other specifications found to be impo rtant  in tes ts  of TWTs ,
e . g . .  a h igh - l e v el  c h a rge  (n ar iocou lomn))  or nsicrocoulornb) monitoring capa —
b i l i ty ,  were  incorp ora t ed  in t o  the  sy s t e m .  A d d i t i o n al  sys tem f e a t u r e s  tha t
would f ac i l i t a t e  da ta  ac q u i s i t i o n  and a n a l y s i s  became apparent during the
deve lopment  pr  u~ r am and are  d esc r i b e d  in Section V .

- 14-
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UI. l ’IIE AE R O S P A C E  CORPORATION PARTIA l. DISCHARGE

DE TECTION SYSTEM

A. }~ IJ’~(’ l ’R I ( .~ I. FF5 I CIRCUIT

\ t o . s i t m r i n g  of d i s c h a r g e s  in V F \ VT S that  passed m a n u f a c t u r e r ’s h igh—

v ‘I ta ge  qua l i ( i cat  i n s  t e s t s  and in a V~~ 

~VT that  fa i led the same test  indicates
tha t  h i g h l y  t r a n s i e n t  c h a rg e  t r a n s f e r s  e x i s t  that  range Irons the sub picocoulomb
t o  t b. : r i 1~ r c ou l , .mb  li~~ t ’ l .  A . . l i br a t e d  p a r t i a l — d i s c h a r g e  l’D) system with

a i s i i I ~it i i u n i  r a n g e  1 s ix  or d er s  of m m s J g s m i i ~ i te  in s en s i t i v i t y  ~ as set up to

• ‘‘. .r t h is  r.tngc . VI~ht .  s~. s t . i u  f u n ~ t i o n~ in  tw~ m o d es , l o w —  a nd h i g h — c h a r g e

a l r t , V . t i V ~~ fl ( h . i n g i r i g  t r i m i  of l , -  r m ’ h m  t o  th~ ‘t ) i . ’ r r e q u a r . - s  on l y  a slight modi—

f i ~ . i t l on ‘1 t h e  l i l t t n t  .tI ir . t i l t .

The detectt- ’n circu its currently used to monitor discharges of a rnag ni-
tude extending - v e r  six orders are schematicall y shown in F i g s .  2 and 3. In

both the  high - and low — l e v e l  ci  r~~u it ~~ • the section of t he  TWT u n d e r  test is

r ep re sen t ed  by C~ . The cap . i c i t ance  of S is ‘f the or d e r  0f a 100 pF or less

and , t h u s ,  a l w a y s  les.. t h a n  t h a t  - f t h e  coup l ing  capac i to r  C .  Di rec t—cu r rent
h i gh  vol tage  is app l i ed  t ’  t h e  F W V I  e lec t rode th rough  a r e s i s t ance  of 10 Mohm ,

w hi c h  serves to protect the power supply and t m  shield the test  c i r c u i t  against

t r a n s i e n t  p e r t u r b at i on  in the  supply .

A p ar t i a l  d i s ch a  r ge  in the  t e st  samp le C~ will set in to  oscillation the

parallel  re s- ‘nanc e circuit , which has a 1-niH choke, t0O-kohm resistance,

ari d cff ~ ctive  paral le l  capaci tance  t o  ground. In the low-level system , this

r e s o nan c e  s ig n a l  i s  im m e d i a t e ly  ampl i f i ed ,  f i l t e red , and sent into channels

w i th  t r i g g e r s  p re se t  at var iou s levels .  These levels are calibrated by inject-

i ng a fa st  r i se - s low  fall pulse into a I0O-p F capacitor (F ig .  Z), the calibration

magnitude being g i v e n  by the product  of the capacitance and the peak voltage.
Wit h the  t r i g g e r  levels thu s adjusted , each triggering of a par t icu lar  channel

is recorded on the associated counter and correlated with time.

- i
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The present four channels are the sweep circuits  of two dual-beam
Tektronix Type SS~ oscilloscopes. The sweep rate on these units is hig hl y
set at Z0 . ia ec/div , a rate sufficiently slow to allow complete damping of the
exc ited resonant oscUlat ion. At this setting , the maximum partial discharge
rate that can be monitored in the present system is approximately 6 kflz. For

partial  d ischarge  rates encountered thus far in TWT tes t ing,  this maximum
rate appears to be adequate.

Three neon bulbs are placed in series across the detection netwo rk to
protect the network elements and the amplifier  in case of full high-voltage
breakdown of the sample unde r test. Each neon bulb is nominally rated to
f i r e  at about 96 V. l i m i t i n g  the damaging voltage to approximately 300 V in
case of sample fa i lure .

A 1-Mohm res i s tor  is inse rted between the TWT output and the parallel
resonant circuit to minimize the need to change circuit components and settings
when converting from the low-level system to the high-level system. This in-
se rt i on  m a i n t a i n s  the  r e s o n a n c e  s i g n a l  at ap p r ox i mit e lv  the  same level, even
thou gh the partial discharge magnitude may be several orders  hi gher .  As
w i t h  the low-level c i r c u i t , the output of the test samp le and that of the cal i-
b r a t i o n  c i r c u i t  are co inc iden t . However , the value of the calibration capaci-
tor in the hi g h- leve l  circuit has been increased to 1000 pF. The pulse-
gene rato r peak voltage mus t  cover  a range f rom 2. 6 mV to ~5Q \~ to calibrate
the low - and h igh- leve l  system for  charge  t r ans fe r rang ing  f rom 0 .25  pC to
0.25 ~iC (Figs. 2 and 3).

The detect ion impedance used in the circuits shown in Figs. 2 and ~I

con sist a  of an r e s i s t ance - induc t ance -capac i t ance  (R L C ) network producing a
damped osci l latory s ignal  ra ther  than a res i s t ance-capac i t ance  ( R C )  network
that would produce a singly peaked pulse. The primary advantages of RLC
network are  hi gher  sensi tivi ty and h igher  noise immunity  as a result of highe r
input impedance and lower bandwidth , respectively.  Another  advantage is that
the requ i rem ent  for  the cal ibrat ion pulse shape is less severe ( Appendix B).
Howeve r, the use of a RLC detection circuit requires that the filter circuit be
retmi ned if ~ n ew sample i’ t i  be ‘s ted .

- 18-
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The’ d e t e c t i o n  impedance , instead of being in series with  the test sample

(Figs. 1 and ~~~ could i u st  as  sseli have ’ been p laced in s e r ie s  with the coup ling

ca pac st ir  i t h ,tit s ign i f i c a n t l y a f f ec t i ng  detection sen s i t i v i t y  (Appendix B).

[is fa ct . f o r  ca s es  in w h i c h  the  t e s t —  sample capac i t ance  is larger than that of

t he  c m t i p l i i s g  c ap a c i to r , the impedance  is usually placed in series with Ccc 
to

r educe  t h e  l a rg e  c h a r g i n g  currents. h owever, in TWT testing, C~ is always

m u c h  s~ n ellt ’ r t han  C .  In t h i s  case , the significant advantage gained by

h a v i n g  the’ d e t ec t i o n  c i r c u i t  in se r i e s  w i t h  the  sample is that noise picked up

- ‘i i  t he  h i g h  - V i i t a g c  sect ion of the t e s t  c i r c u i t  is reduced , approximatel y by

the  rat to of 5/C w h e n  co mp a r e d  to the other  a r r angement  (Ref .  2) .

P a r t ia l  d i s c har g e s  a re  sor t e d  and coun ted  on a f o u r - c h a n n e l  system,

‘.‘. here the d i f f t ’  r e n c e  in  c han n e l  s e n s i t iv i t y  is a f a c tor  of 10 (F igs .  2 and 3).

Partial di~.c h . e r g e  spec t r a . i . e .  • coun t s in eac h sf fou r charge transfe r ranges,

can (‘- A S  i ly  he d e r i v e d  f r  ‘in dat a ob tained  ~t ~th t h i s  sy s t e m .  This  p r OC e d U r e

appears t i  be ad e q u a t e  f- ’r in - st of the Vl~\i.• -r data taken thus far, where the

c- i m i n t  r at e s  have  been r e l at i v e ly  l ’~ and the count s concentrated in one or t~eo

c han n e l s .  F ir  m o r e  c han n e l s , a pulse  height .inalv.~er pr eceded by a

dem d ul .i t  i i n — p u l s e  h ap i n g  c i r c u i t  can  be u s  t-d in place if the f o u r —  channel

s v s t e n s .  U iwev. ’  r , a I- ‘ g i  n t  b i n  i c r a t h e r  t h a n  a i i  n e t  r amp l i f i e r  would be

r e q u i r e d  t m  c ov er  f i~~r or d e r s  , m f i n a g n i t t i d e  in  ( 1 et e c t l ’n s e n s i t i v i t y .

The dev e l - -’p n s rn t  f t h e  p r e s e n t  P 1) t e s t  c i r c u i t  is  r ev i ewed  in Appendix B.

The response of the r e son an t  R LC d e t e c t s - ’n  c i  r c m m i t  is d i s cus sed  in somewhat

n’n mre  de ta i l . In a d d i t ion , the  i m por t a n c e  of the  shape of the cal ibrat ion pulse ,

wi th  respect  to  the d e t e c t i o n  ir ~mpe d . ince  n e t wor k  in u se , is examined.

H. TE ST s E r uP

The p r e s :  nt test setup i s  shoss n s hematicallv in Fi g. 4. The

TWT is mounted on the coppe r base pl ate tha t  i s  a t t a ch ed t o  the lucite cove r

3R . B a r tn ikas , “Note on Mult i channe l  Corona Pulse-Height  Analysis , ”
IE EE Trans. Elect. Ineu l . ,  E 1-8 I 11Q 7 f l .
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of the alu minum vacuum chamber. The TWT therefore is isolated from the
g rounded chamber waUs. All cable s f rom the TWT are s t rung through sepa-
rate holes in the lucite cover , and these feedthroughs  a re  made leak ti ght
with  Apiezon sealant.  The cable s are then routed to the junction box where
all except those to be at hi g h voltag e are tied together  and connected to the
cal ib ra t ion  and detection c ir cu i t s .  The ground lead sm between the vacuum
chamber and the j unc t ion  box are a luminum foil shielded to minimize radio

frequency (rf) noise p ick up. The high-voltage cables are kept away from
the g rounded enclosure and test chamber surfaces to m i n i m i z e  electrical
st r e 4 s  and the reb y pa r t i a l  d i s c h a r g e s  in these elements. These leads are

t hen c ’nne-c ted  in t he ~unction box to the w i r e  f rom the h igh-vol tage  terminal
mt the coup l ing  cap a c i tor .  The other end of t h i s  oil-filled capacito r is bolted

t o  the wall of the  sh ie lded  enclosu re . This enc losure  is heated to prevent

m ois t u r e  c on d c n sa t s m n on the h i g h - v o l t a ge  components  that can cause extran-

eou s su r f a c e  d i s c h a r g e s  d u r i ng  t e s t s  of a T W I .

) h i ~~ v - m l t a g e  is supplied to the tes t  c i r c u i t  by means of a shielded in-

sulated wire (RG ~ cable). the 10— Mohs~a blocking resistor (Figs. 2 and 3)
i s  conta ined  in the 0- t o I _ E V  dc p .m~~er supp ly .

The s ign al  lead f rom the j u n c t i o n  box is shi :::d and its length mini-
n i i z ed  to e l im ina t e  noise p ick up. The resonan t detection c i rcu i t  and the cali-
br at i mi s ne twork are contained in a terminal box that is attached directly to the

amp l i f i e r .  The amplifier , filter, oscilloscopes , and counters are connected

as i n d i c a t e d .

A se r i e s  of p rese t  a t t e n u a t o r s  fol lowing the low - repeti t ion-rate pulse
generato r provides for  rap id sett -‘ig of the t r i g g e r  levels of the four channels
in the two oscilloscopes. A th i rd  oscilloscope is used to check the amplitude
and shape of the cal ibrat ion pulse. The 116-V ac power lines connected to all
cr i t ica l  equipment  are from an isolated fi l tered source.

C. E N V I R O N M E N T A L  TEST SUBS’ STEMS

The TWT can be PD tested at subatmospheric pressu res. These lower
pressures are achieved by means of a d i f fus ion  and mechanical pump system

~2 1 -
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that is connected to the vacuum test chamber through a 3. s-in.  -diameter glass
conduit. A chamber pressure of 0. 1 Torr can be attained within approximately
100 sec after initiation of pumping. Minimum pressu re in the chamber is

app roximately ~ v 10 ’
~ Torr afte r several hours of pumping .

Pressure in the chambe r is monitored with two thermocouple gauges
to cover the range 10~~ to 20 Torr .  Pressu res in the range I to 200 Torr can
be monitored wi th  a Wallace and Tiernan mechanical gauge, either at the test
chamber or at the pump station. l3ase p ressure  at the pu mp station measured
w i t h  a Veeco ion gauge is 10~~ Torr.

P a r t i a l - d i s c h a r g e  tests  at constant p r e s su re  in the subatmoepheric
range can be perfo rmed at the required p r e s s u r e  by reducing the conductance.
However, this pressure wil l  change dur ing  extended t e s t ing .  The amount of
change depends on the care taken in adiusting the low pu mp rate to compensate
for  leaks or outgassing in the sys tem.  Par t i a l -discha :ge  tests  at varying
pressures can also be conducted by appropriate  pump valve adj us tments . The
rate at which the test ch ambe r pressure goes through the cri t ical  range must
be considered in this type of testing.

P a r t i a l - d i s c h ar g e  te sts  of TWTs in gaseous environments other than air
can also be per formed.  Argon , hel ium , n i t rogen , or other gases can be fed
into the system through a connector located on the pump station.

The TWT can be t es ted  not only at selected pre s su re s but also at tem-
peratu res othe r than ambient  because i t  is mounted on a coppe r base plate
whose tempe ra ture  can be var ied by va rying the temperature of the fluid flow-
ing through the coppe r tube that is brazed to this plate. (Th e TWT is mounted
directly or t h r o u g h  an insu la t ing  sheet to the coppe r plate , depending on the
plate-to-ground resistance and its effect on the detection circuit resonance.)
For test tempe ratures above ambient, only the heater is turned on in the fluid
control system (Fig .  4) . For temperatures below ambient, the cooler is also
turned on , and the heate r automatically adjusts Its heating rate to maintain
the specified temperature. The range of temperatures achieved with this
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s y s tem  w i t h  the u se  of eth y lene glycol and wate r ( SO/ SO mixture)  at the hig h

t”nd and methanol and wate r (also a so/co mixture)  at the low end extends from

-24 to .QO ’C. Temperatures  wi th in  this  range are controlled within I ’C. These

h e a t - t r a n s f e r f luids are covered with a nonmiscible low-vapor pressure dielec-

t r i c  coolant (Chev ron Flu-Cool 180) to reduce evaporation.

rhe t empera tu re  of the TWT is monitored with a copper-constantan

t hermocouple connected to a direct-reading temperature indicator. The out-

put of t h i s  i nd ica to r  is connected to a safety circuit that shuts off power to

the f lu id  c”n t r ’d  sys tem above a prese t  temperature  to preven t damage to the

rw F from accidental overheating. A fluid level monitor is also connected to

the safe ty  c i r c u i t . A drop in f lu id  level will also shut off powe r to the flu id

sy st e m .

The Pt) test is conducted wi th  the component immersed  in a hig h-

strength dielectric f luu l  (Fluorinert FC-77) to separate inte rnal d ischarges

f r o m  ex te rna l  d i s cha rges  o c c u r r i n g  in c e r t a i n  TW T  components, e.g .  , an

un potted TW I V or  a I V WT cable. This  l ow-v iscos i ty  d ie lec t r ic  fluid prevents

d i scharge s  that occu r on the ex t e rna l  su r faces  of the component under test ,

i nd i ca t ing  that , i f d i sc h a rg e s  are observed , they must  be internal  discharges.

However , care must  be taken to ensu re  that  discha rges are not occurring

ac ross the su r f ace  of the d i e l ec t r i c  fluid. This phenomenon can be produced

by the deposi t  of airborne contaminants or the condensation of water vapor,

or bot h.

-2 3-
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IV . APP LICATION OF TIlE AEROSPACE CORPORATIO N
PARTIA L-DISCHA RGE DETECTION SYSTEM

The Aer spa~ t p a r t i a l - d i s ch a r g e  PD) detect ion s y s t e m  has been used
i n a v . t r t ~’t \  of h ig h- vo l tage  tes t  n wa sur t ~1n t nt s .  These range f ront  the in—
v e s t i g a t i un  of d i s k  h . trges  in si mp l e  enc ap su 1at ~~d e lec t rode  c o n f i g u r a t i o n s  to

t he m e a s u r e m e n t  1 p a r t i a l  d l s * h ar g e  spectra .n f u l l y assembled TWTs.
Some of the  it ems  m eas u red  in t h e se  stud i~ ’ conducted wi th  the pri.sent

s stei n or w it h  one ~f th e’ e.e r l i er  de~’e lopn ’ient a l  s yst em s  .tr e l is ted below:

I . rh~ magn.tude of the discharges in roil size (lO— to-ZO mu
d i a n i  voids in hulk pot t ing .

~~~ . 
Vr he incep t ion  voltage fur voids in bulk potting and for voids
, it p ot t i n g -  t e  r an i i  t n t . ’ r I . t &  es ex a m i n e d  as  a f u n c t i o n  of
v~ ’id s i :e  and  a i r  p r e s s u r e  and fo r  s e v e r a l  ga se s .

L The i n iep t i o n  v. l t . i g ,  and PD spec t r a  fo r  T W F  ables d e t e r —
tr,  the  ( able  ‘o f i g ur a t i on  ex t e r n a l  to the TWT or by only

t h ,  i n t e r n a l  vo i d s .

4.  The I ‘L~ spi ’. t r a if  p.c r t l a l l y  and f u l l y  as sembled  TWTs  as func —

i o n s  ot t es t  vo l t age . p r e ’ s s ur e , and t im e .

~‘. The Pt) spe~ t ra  of ‘rwTs t h a t  had passed the  manufacturer ’ s
h i g h — v o l t ~.ge t e s t  in r e l a t i o n  t o  those tha t  did not .

e . The pa r t i a l  d i s c h a r g e spec t ra  of unpotted TWTa to determine
t h e i r  i n t e rna l  d i s c h a r g e  s i g n a t u r e .

Signi f icant  r esul t s  we re obtained in some of the studies and will be discussed
in subsequent  Aerospace reports . Some of the studies are still in progress.
The objective of these studies is to determ in e whethe r the partial discharge
technique can be used to identify defective TWTs, thereby eliminating the pos-
sibi l i ty  of their  use in space applications. Intrinsic to this  objective is the
establ ishment  of the app ropriate PD test  procedure and pass-fai l  cri teria to
be used .

~25~
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V . F’ U f l ’R E  TEST AND I ) E V E L O P M E N T  EFFORTS

rest  c ha t i tb er  p r e s sur e  is the  only env i  r )nnt ent a l  paramete r varied in

,il i of t u. t~~t r t i ~i l di st 1,1 r ce  (I ’D)  t e s t s  un d e ut e d .  Alt h o t i g h  the  the rmat system

h a s  ~~‘en set  i~~p ~in d  1 n e t  ked o u t , I I )  t e s t 5  i n  w h i ch  the  t e m p e r a t u r e  is also

~ t r i e d  h . e % e  n ot ! i ’  en  t e n i d u e  t e d,  I ’h i s  t y p e  i i i  testin g will he t h e  ne xt n i a l or

e f f o r t  in  t i s  pr o c  r , t n i .

V V
~~ fl it h ~’ r poss  WI. ’ mode - ‘f Pt )  t e s t i n g  tha t  has  not been c- mducted is

I in c  — t e r m  ~d .iv s and weeks  ) p r  c r a m m ed  t e s t i n g .  Tb i s mode of t e s t ing  may

be .‘ .‘nt  i i i  in . i - h  it ’ ’.’i n g  the  p r  i c  rail ’) o h .‘ct ive , bu t  it  c a n n o t  be pe r f o rm ed

w i t h  the p r e s e n t  a r r , in ~ emcnt  in  w h i ch  t h e  tes t  co nd i t i onr  i r e  changed by an

me r e t  r .i m t h e  P 1’) C i nt  s in t h u  v ar  i ‘u s c ha une l  s are manually reco r ded

u n l es s  ~ ,‘ ,-e  ral me r~et r s  th.it  ~- .en be u s ed  in s h i f t s are  avai lable .  A more

prac t i ca l  ‘lut ~ in t h i s  p r it ’li ’n i s  t i  p r o c  r an - a tn i c  r op r o c e s si r  to control

the rr~~~ r d i n c  e nd  t e s t  se qu e n  ¼ 1  - in  .e I mc — Ic m i  has i s .  The ope ra t ion of this

sv st . ’n ~ en h~ che  k -k . ’  d en d  up d e t  i d  d u l y  . V r h i s  capab i l i t y  would also be

I ~ ~il in ~ h V r t  — t e r n  t i  st  s ’ s  h , ’ re 1 c re. ut .i.’al ~f t i m e  and e f fo rt is expended

in h en c i  uc  t i ’ s t i ’ nd  i t  ions  and r. ’ c - i  r d i n  c a nd  p lo t t i nc  data .  Desi gn and as scm—

b lv ~ ~u~~h .1 in i c r  ‘pr iC~ s s o r — c n tr o l l e d  sy s t e m  should be the next major

d c v t ’I p t elf m t  in  t h i s  p r o c  r a m .

~2 7 -
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A P P F N I ) I x  A.  ANALYSIS OF PARTIAL-DISCHARGE

D F: I’ F:C L’ IO N C I R C U I T  SEN S E  l E V I T Y

~t ’v.  r at  ( ,r on .e  or p ar t i a l  - di  st h .t rge  I’D ) d e t e c t i o n  s y s t e m s  have been

p rup t i s ed  1 r r ~v 1 t e s t i n g .  I hese  .. re th e ’ I~ iddle  s v St em u rrentl y in use

h .  s e v e ra l  T W F  r n a nu f a~ t i r e r s , t h e  1 . 1  R a t  h u n k V r )  sy s tem  p r e sen t l y in the
f e i i r e c . e t i ,n and e v a l u at  ii s t . t~~ e~. and the  i n — h o u s i - A e ro s p a c e  s ys t en i  in the

t e st .unl d ev e l i . ip rn . .n t  s tag e ’ . I l i . st’ s’~ s t e r n s  ..re b a s i t  a I l s  of two  types.  thie

vpt Iti ddle ’ h a s  th .  i l u t  e~ t i  ‘n i r cu it  in p a r a l l e l  w i t h  t he  t e s t  sample , and

t h e  ot h e r  t ’.p . - ( Fl Ra e  , t i i i !  A r r o s p . t t . P  h , t s  t h e  c ir c u i t  in s e r ie s  w it h  the t e s t

s .unp l.’ . ‘rh. p u r p - - s i ’  of t h i s  . .rut l~ s i s  is  t o  t i n  p ar . ’  th e  i n h e r e n t  c h a r g e —

‘, l t . c . ’  s e n s i t i v i t i e s  uf t h e s e  t ’.e sy s t e m s .

..\ .  P A R r I A l .  t ) I S CI I A  l~ ;F: I )F: r F : cr I o N  ( ‘I R CU I T  A N A LYSIS

I h e  e r i . u l v  s i s  c .‘ne ra l ly  f o l l ow s  that d e s c r i b e d  by f i d d l e .  A basic
.ess x r n p t i -  ‘n is  t h at  t h e  r i s e  t i m e s  of both the d i s c h a r g e  and the ca l i b ra t i on
pu lse ire su f f i c  i e n t l v  s h o r t  t h a t  t he  v o l tag e  d i st  r i b u t i o n  in  the  test  c i r c u i t  is
(lete m ined by the  c rc’~ ~t c a p a c i t a n c e s .

1. E Q U I V A L F : N I  C 1 R C u I I ~ FOR P AP  ~ IA 1. DISCHARGE

V O I . TA G E  s ou PcF :

The par t i al d i s c h a rg e  dep icted in Sket ~~h A 1  is r ep resen ted  by the equiva-
l en t  c i r c u i t  in  ~~~~~~~ h ( P I t , w h e r e  a , b , and c a re t h e i n d i c a t e d  t es t  sa mpl e

c a pac i t a n c e s .  The p a r t ia l  d i s c h a r g e  s h o r t s  c and p roduces  a voltage V tha t

cau s e s  a v o l tag e  a t o  appear  a c ro ss  a. From Sketch  ( C ) , V a ~~b/ (a  + b ) J V ,
i . . ’ . .  the v o l t a g e  ap p e a r i n g  ac r os s  a is s i g n i f i c a n t l y smal le r  than that pro-
duced by t he pa r t ia l  d i s c h a r g e .

4Co rona Detection in Sy s t e ms ,  James C. t3iddle Co., Plymouth, PA.
(Februa ry P)70’( .

-29-

-1



-— - - -V - V~~~~~V~~~~

( ,

(A )
( ~~~~~~~~~~

v I[ a

•

Eu r th e  r ?n - re , the  c h a rg e  ap p e a r in c  a c r o s s  a is also smal le r  t han  that  of the
- V V 1 4p a r t i a l  d i s c h a r g e ’ . Th i s  r educ t ion  in  c h a r g e  is descr ibed  by q Lb / ( b  c ) j q .  V

The test sample w i t h  a partial discharge can be represented by the Thevenin

equivalent c i r c u i t  shown in S k , V t t  ii (I) ).

I.

-

(D)

Ta

-
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--- -V -V-V - V-V V — WV -V- V__~ — -~~~~~ ~_ V~ V_ - V~~
_

~~~V_. -V~~~~~: -V- V’--V—-VV - 

__ V~~ _-V~~~-V-VV V~~~

th is voltage source is connected , the res t  of the discharge detection circuit
cons i s t ing  of v a r i o u s  ca p ac it a nce s .  The PD measuremen t  is taken across
t he one that r ep r e s e n ts  the e qu i va l en t  input capac i tances  of the amp li f yin g  and
m i ’n i t u r i n g  e r cu e t  n e t wor k

. .  DEFINIT ION OF D E T E C T I O N  SYSTEM SENSITIVITY

I)et ector s e n s i t i v i t y  as defined  in ASTM Standard I I) l H l j H - 7 3  is

A mp l i f i e r  Input Voltage V
Sen s i t i v i t y  .

Terminal Corona Pulse Vol tage  \ a

the equ iva len t 2

C h a r g e  q at A m p l i f i e r  Input
Sen s i t i v i t ’~’ 

m
C har g e  q at T e rm i n a l  of Test Sample

The d e t e c t ion  c i r c u i t  is calibrated by i n j e c t i n g  a s t ep - f u n c t io n  voltage of
s p e cif i e d  m a g n i t u d e  a c r o s s  a c ap a c i t o r  of known v a l u e .  The in jec ted  cha rge

q in p i c o c ou lt n i b s  is  t h e n  q C V , w h e r e  Cc is g i v e n  in picofa rads and

V is  in v o l ts .
C

3. P A R A L L E l .  1-Es~r C O N F I ( ;U R A r  ION

Vrhe parallel ( f i d d l e )  d i s c h a r g e  d e t ec t i o n  c i r c u i t  is shown in Sketch (E).

r-c -----.

N V  

~: 
VI 

~E)

I 
_ _ _ _ _ _  _ _  _ _ _
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The high-voltage supply is isolated from the detection c i rcu i t  by the blocking

impedance 1.. The various capacitances follow :

Cc 
c a l i b r a t i o n  capac i tance

C = coup ling  c a p a c i t a n c e

C nieasu  r er n e n t  s y s t em  e q u i v a l e n t  capacitance

a t e s t  sample  c a p a c i t a n c e  z C~, notation used in preceding sections

“ C 
t e r m i n a l  pulsed vo l t age

calibrati on sou rce pulsed voltage

V \V i t t a g  e inpu t  t - d e te  c t i  in  c i r c u i t

— ‘ - - i l t ,~ g e inpu t t i  inca so rement  ci rcti it
ill

The d e t e c t o r  c i  r c~ i t  s en s i t i v i t y  V / \  f i r  t h e  c o n f i g u r a t i o n  shown  in sketch ( E )
Ii’) a

is e a s i ly  d.’t . - r ’, ined  1- ‘r the r e p r e s e n t a t i v e  c i r c u i t  shown in Sketch i F ) .

- a 
, v ( A - I )

~ I . t  ‘ ( ax

~v h e  me ( ‘ = C . (‘  ‘ ( ( ‘ C / (C  C I . 1 u rthermore. for the circuitC CC i~~ cc T VII

i n  Ske t ch  R ;  I .

(‘ / ‘C  . C V ( A — . !)
Iii C .. Iii Cc X

5— II
i-c

‘ 

~
11a 

V~ F)

f
V LC

~~ 

( G )

-- ~~~~~
_
~~~~~~~~~~ V ~~~~~~~~~~~
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Ihe combination of Eqs. (A- i) and (A-.!) yields the detection circuit sensitivity

V /Vrn a

V C acc ( A -3 )
V (a~~~ C 4 C ) ( C  ~~C ) + C  Ca C s cc in CC fl i

Eqeiation (A- 3) is the s e n s i t i v i t y  fo r  C i r c u i t  N i ) .  3 in ASTM Standard D 1868_73.
1

D et e c t o r  se n s i t i v i t y  in term s of charge can be obtained by means of

q :C  V (A-4)
in in n-i

end

q a\’ ( - ~ _ c )

w hi c h  y i e l ds

q C C
lii CC

q ( a - C — C  PC - C  ) C  Ca C s cc m cc n t

4. SERIE S l EST (‘O NF I G U R A T I O N

The series t e s t  c o n f i gu r a t i o n  (El  Rae and Aerospace)  is shown in

Sketch (U).

N V  
Cs’ Ccc
l 

~
5 i: ~~~~~~; 

: ~:
_ _ _ _ _ _  — — S ~~ I_________ 

Vc

— ~

— —---- -- — -  _ -- V VV ~~~~~ -—-~~~~~~~ - - ~~~~ ~~
- 

~~~~~~~~~~~~~~
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C i r c u i t  s e n s i t i v i t y  is determined as indicated by the simplified c i rcui ts  shown

in S k e t c h e s  i I I  and I t .

_ _ _ _  

~

a
.J_ . ~ cc
f a+C~+f~~L

‘.t h i b  ‘.‘t t ’I d s

V a(C - C
T i) S CC -.

T~~~~~~i~~~- C  - C  ) ( C  - - C ) — a(C •C ) ‘ - I

-C S CC tO C S CC

F:q&iat  i ’i A -  ~ ( 15 t he  sen t n - t v  I r C i r c u i t  No . .~ in A STM Standard I) 1868_ 73~~1

S ub s t i t u t i o n  ~f Eq s .  \_ 4 I a nd  (V ’s — ~‘ )  y ield s the  s e n s i t i v i t y  in t e r n - i s  of c h a r g e .

q ( ‘ (C - C
in iii S CC A-8

q ( P .  .- C ( - V  ) ( C  - C ) . a (C * C )
a s cc in c s cc

It . I)IS(’U SSION A N I )  C( )M } 1A R L SON OF SENSITIVITIE S

Equ e t i - I n s  ( “. -3 )  and ( A - h )  f i r  the pa rallel tes t  c i r c u i t  and Eqs. ( A- 7 ) and

( A - -’~ f i r  the s e r i e s  c i r c u i t  can he used  fo r  di sc uss i o n  of detect ion sensit ivi ty .

I l - i w e v e r ,  ~~ -~~ d i scus s ion  of the v ar i a t i o n  in s ens i t i v i ty  with change in test

sample capacitance a , E qs .  ( A - . )  and ( A- 8) ,  which  indicate should be

- 34-
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us  ‘d r. it h~- r t h an  I-~q S • I A — ) a rid A — 7 ) , ~t ) ii~ Ii des  ri \V  / V , be c au Sc V
iii a a

c-xp l i c i t l v  i s  .t f u n e t i ’n ol a.

I, t ;l :\I RAI. . !IARA ( l I R I S I k  ~

l’he f i i I l o ~t - i x i g  ge ) ) ,  r~~ i h , t r , t ~ t , r a s t i ~ s . Ir e  ob s e r v e d  in  the ’ e x p r e ssi o n s

b t , t i r i , l : i r  ~j e ’t ,  t i u n  s e ’ J ) S i t i %  i t ~ - I l i e  ) i a g h — ~~~ I t . e g . - l e a d — t i — g r o u n d  s t ray

. C m u st  b , I n i n i n h i , , i  f r h i g h — i b - t . - i t i - i  s e n s i t i v i ty .  Dependent P. ’

e ’ t  s e n s lt r ~ it ~ ( I f l  ( t 1 1  )~~ ( V I m H u e !  i f  ( ‘ C iii t h e  p,tralle- I circuit ase
a

.tn d if  (
V 

(
V 

~~~
) t ! i t  r i .  P. ( ‘. I . ~~ p 1 . t P .  t i 1  ~ 

( V  u s u a l l y b.- ma de to
S S

b. n e g l i c i b l e  b~ ; i r - ( i . - r .~ r r a r i c .  ? : I - I t  - t  t i n -  i rt ~ i i t  e V l e .r n ~~ fl t s

In b oth  ct r c ti t s , s e n s~ t :v ~ t y  , b c r , e s , s ‘,~ m t h  an  in r easc  in test sample

c P . p i c I t e n . n , •i b e i n g  in t h e  . h ’ n . t n i i i , e t ’ r  I I I  ) i ) t t i  Eqs.  ( A — i )  and ( A — 8 ) .  For

s i t i a l l  a , t he  s. ’ n e  s c har g e  Sen s i t  ~v i t v  i s  h I c h e  r t h a n  t h e  pa rallel  charge  s e n s i —

t i v ~ t v .  \ t  l a r g e ’ -t , t h e  t ’~ - c 1- - e r c e  s . n s i t 1 v I t O ’ s  are P. ilil p erabl e.

F i r  s ma l l  v a l ue s  of c - ’ . ip L n c  t L p V e I t V L n . e 
cc ’ t he s e r i e s  c i r c u i t  is more

sen s i t  iv .. t h a n  the  pa r al le ’l  c r~- i i t .  1 r I i  rg e v a l u e s , the  two sen si t iv i t i e s  a re

almost  e ’ q m ~el - 1.0 rthe r in -  • r c . s c - n  it  ~ i t v  1 nc r c a  sc - s w i t h  inc rease in C in
cc

) ) i t l %  C i r c u i t s ,  appr oa c h in c  .1 f~~n i t .  l i m i t  f i r  l .e r g .  C - Therefore , if C is
CC CC

t i n t  t a l ly vi’ ry Ia rg. . i t  c m  he reduced  w i t hou t  significantly affecting the sensi—

t i v i t y  t r ed uc e  (lam V i c e  t o  t h e  t i  st  s ample in  case- total breakdown of the test

s.einple oc~ i r s  - I I  ‘~~ e v e r ,  i t ’ C is  s ever e l y  reduced , s e n s i t i v i t y  w i U  also be

reduced .  If a l ar g e  i n ip e i l an c e  is i n se  r ted  t o  protect  the  test  sample , s e n s i t i v i t y

we l l  be gr e at l y  reduced  becau se  t h i s  i n s e r t i o n  has the effect  of removing C~~
f r o ri  the ~e r c u i t  and replacing it w i t h  t h e  s t r a y  capaci tance .

.!. Q U A N r l V r \ I ly E CO MPARISON S

rhe general characteristics are supported by a quantitative evaluation of

Eqs. ( A - h )  and (A - ) ~). Sensi t ivi ty is plotted as a funct ion of test sample capa-
citance a C~ in F ig .  A-  I. Al ternat ively,  sensi t ivi ty is plotted a s a function

- 
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C -IOO pF

C~ -~~~~pF

0.4 — ‘
~“s,~ Cs 50 pF

C 10~ pF
‘O CC

E
~ 0 3  -

SERIES CIRCUIT

0.2 — PAR ALLEL C I RCU I T

0_ I —

0 1 1 1 1 1 1 1 1  1 1 1 ~~~~~~~~ I

101 io2
TEST -SAMP LE CAPACITANCE . pF

Fig .  A- I , Ci r cu i t  S.’n s i t i v i t y  V e r su s  l e st_ S a m p le Capacitance
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of the coupling capacitance C in F ig .  A Z .  Approximate values of
capacitance encounte red in TWT testin g are  C C 100 pF , C SO pF,
c

~~~~~
O.0l

~~
LF. a n d a lOO pF.

C. PART IALVDI SC UA RGE MEASUREMENTS

Sensitivity, thu s f a r , has been defined with respect to voltage Vm or
at the input to the measurement  system and determined to be only a func-

t ion  of the capacitances of the c i rcu i t .  h owever,  the quantity that is monitored
by the detection c i r c u i t  ope rator is a voltage indicated by a deflection on the
oscilloscope or a count on the pulse heig ht d i sc r imina to r .  This  voltage can be
in terpreted in tern-is of the te rminal  charge if the measurement circuit cali-
brat ion is specified.  For the parallel c i r cu i t  show n in Sketch (E) , the cal i-

bra t ion  f ac to r  is  g iven by

‘. Cc c
11

C

where  V C is the ca l ib ra t ion  charge in,ected into the measurement  circuit ,
and i~ the associa ted outpu t s ignal  voltage af ter  amplif icat ion and process-
ing . The te rminal  cha rge  in picocoulombs , in th i s  case , is the produ ct of the
calibrat ion factor  in p icocoulomb per volt , and the observed output signal in
volts.

In the series C i r c u i t  shown in Sketch ( I i ) ,  the calibration c i rcui t  is not
across the test samp le, but in series with  i t .  The te rminal charge , In this
case, is  not the simp le product indicated for the pa rallel circuit  but one cor-
rec ted to account for the t e rmina l -ca lib ra t ion  voltage relation

C ‘-Ccc s
~ a a 4 C  + C  ‘ccc a

- 37-
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C - l O O pF

C~ 
. lOO pF

0,4 Cs 5O pF

a • lOO pF

C I RCUIT

C — ~~~~~~~~~~~~~ I I 1 1 1 1 1 1 1  1 1 1 1 1 1 1 1 1  _~__ J

in ’ io2
COUPLING CAPACITANCE . p1

F ig .  A - .!. C i r c u i t  S e n s i tiv ity  V c r s u s  Coup ling Capac ita n ce
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from the input to the measurement  c i rcu i t .  The refore,  the calibration factor
for the ser ies  c i r cu i t  is~

V C  a~~~C 4 C
C C cc a
H C ‘ - C  -

C Cc a

rhe cor rec t ion  te rm on the r igh t  in Eq. (A-1O) can be neglected (or Ccc 
‘ a ,

a condit ion required for hi g h sens i t iv i ty . Mo reove r, if this  term cannot  be
neglected , C mus t  be determined accura te ly .  This measurement  may be
d 1ff i cult .

The charge  detect ion threshold is dete rmined by the noise in the test
c i rcu i t  or the noise  generated in the measurement  circui t .  This noise may
be Continuou s or spo radic. The detection threshold  is then given by the product
of the appropriate cal ibrat ion fac tor  [E q. (A - 9 )  or Eq. (A - 1 O ) J  and the signal
voltage.

I) . CONC LUSiO NS

In te rms of the basic sens i t iv i ty ,  the ser ies  detection c i rcui t  is only
s l ight ly  m ore sens i t ive  than the parallel c i r c u i t .  (This di f fe rence is estimated
at app roximately ~~~~ for the capacitances of the TWT and the other elements
c-i f the present  test  system. ) The large di f fe rences  in detection threshold
between var ious  PD detect ion systems a r i se  from the variation in noise level
found in these sys tems .

- 39-

__ _ _ _ _ _ _ __ _ _ _ _ _ _ __ _ _  -~~~~
- - - -~~~~~~~~~~~~~~~~~ -V —



IT ~~~

- - - - V-

~~~~~~~~~~~

APPENDIX B. PARTIAL-DISCHARGE TEST-CIRCUIT STUDIES

A. I1’~ITIA L PARTIAL-DISCHARGE DETECTION CIRCUIT

The f i r s t  p a r t i a l - d i s c h a r g e  (PD) detection c i r c u i t  setup for  TWT testing
is s chema t i cal l y  shown en Fig.  B - I  and is cssent ia 1~y that  g iven  in Fig. Z. The
a r r a n gem e n t  of e lements  in t h i s  c i r c u i t  is that  specified in ASTM ~~andard
D 1868-7i as C i r c u i t  No . 2~ and that  sp .cif led  in IE EE  Standard 454-1973 in
Fig.  F1C. -~

The response of the c i r cu i t  show n in Fig.  B- I has been analyzed

(Appendix A . Eq. (A - 7 )  and in Reference c] and is described by

F. = ( I  C /C ~C C Co5 ,Lt
v-n cc t m

C C
C t c c

p Ct 
. 

~~~ 
n-i

1’’I t  I —

~LC 4R Z
CZ
p

where F. is the input signal to the amp lifier  in response to a partial discharge
ste p vol tage , q is the apparent charge transfe r measu red across the test sam-
ple , C is the calibration capaci tance in parallel with the input cable capaci-
tance , and ‘ is the frequency of the dam ped oscillatory signal . E1 is directly
proportional to q and increases as C

~ 
decreases or C Inc reases. This vari-

ation and the e ffect  of s t ray  capacitance are discussed in greater detail in
Appendix A. The frequency is dependent on both C~ and Cm ø Indicating that

the resonance frequency will change If either the test sample or the calibrating
capacitor is changed.

5 F. H. Kreuge r , Dischar ie Detection In High Volta ge Equipm ent , American
Elsevier Publ i shing Co., New York ( 196S) .
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r . tmp l i f i c. it io n  and filtering, the s ignal  tha t  appears at the input

t he  f - n i  r ch . e n n e l s  F ’ic - .‘ i s  ~~~~ n in Fi~ - B — .!. This simulated signal ex—

c i t e d  e —  p r t ’sc r i h t ’d  in Refe rence .! e xh ib i t s  a slow rise in the wave—form

.‘ ‘- i ’  . 1 -  ‘ t n -  t )  r (~~ct -d by f i l t t -  r i n c  at the  r t- s .nanc ’ frequency. I -or  c i r c u i t  values

-f ! -  I ! . C l0~~~
0 F’ , C = lO~~~F , C 1O 10 F , and R = ohm

t cc n-i
he re S - .L~ c ‘ f re ’qiie ncy c iven  by the  equat  i ~n .ibt ~v is

I I I
.v— - t ~~ ‘r~~’(~~~~~~~~~ ~~~ k Hz

‘ p,

w h i c h  i S  ~fl -L ~ r e er n t ’ n t  ~ ith the f r e q u e n c y  ( 3~~0 k i lz ) observed in Fi g. B — . ! .

-\n at t e n mt  t apply t h i s  c i r c u i t , w hi c h  has been used  successfully to

r I- ‘~
.. level di  sch a  r c ’  s , in t h e  d e t e c ti o n  of high—level discharges was

m ob- by  ~~~~in c  in c  t h e  1 (W p i-’ C L I  ib r at  i -  ~n c apac i to r  in F i g .  i~— .! to one of

1000 p I-’ a nd  nc r e . e s in , z  t he  r~.- . i <  c a l ib r a t i on  vo lt ,t cv  t o  ~00 V , thereby pro—

dccc in c  .1 c a li  h r e t  i ~n c i i  rc.’ s i ~ na t  c r r e sp on d in g  1 ~O0 nC. This  modified

V st  en t h e n  ~ -t s i i  s ed t I  . I e t .~~-t  h i  ch — l eve l  d i s c h a r g e s  in a TWT sec t ion  that

had exhibited a hi ~ h— \ I  ) l t . L c ( ’  t : . ’ f ( - c t .  rh i s  attempt was u n s u c c e s s fu l .  The

d t ’ t i -~~t ive  se ct i  t i n d e  r s p e c i f ic  ~- - -‘nd ~ t I o n s  appa r ent l y com pletely broke down ,

placin.~ k il- ~v-~lt potenti .tls .ecross the resonant network , da m ag ing the I -mH

I t~~ t - r .  n~. s .- ’~ e r t ’ l - , chang i ng the calibrated response of the system.

Ne on bulbs  ~;ere inserted t o  p reven t  th is  damage and change .  However , f i r i n g

of the~ c neon bulbs so d i s t o r t e d  the d i scha rge  waveform that the resonant

n e t w o r k  wa s  imprope rly excited wi th  the result that the discha rge was not

r e e i s t r r c d  on the app ropr ia te  coun te rs .  Anothe r approach to the measure-

ment  of h i g h- level  d i s c h a r g e s  then was taken.

1% . R E SI S T A N C E - C A P A C I T A N CE  P A R T I A L DI S CHA R G E  NET WORK

This  approach , hur r i ed ly  under taken , consisted of removing the highly

vulnerable 1 -mi t  choke and i n s e r t in g  a 1-Mohm resisto r (Fig.  B-3) .  The

res is tor  reduces  the voltage across  the RC network and at the input to the
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ampl i f i e r .  Instead of exciting a damped resonant osciUation, a discharge in

the sample in this case produces a fast rise, singly peaked pulse. The entire

system was then cal ibrated by means of an available Aerospace designed

pulser wi th  pulse rise t ime less than I ~isec and a decay tin-ic of approximately

b ~sec. This  system was used to moni tor  the h igh- leve l  d ischarges  occurrin g

in the defect ive TWT.

Po~~ttcst examinati--in of th i s  detection system indicated that the cali-

brated levels were  in e r ror .  These e r r o r s  were traced to the fall t ime of

the calibration pulse (a few ~sec) , which  was too short  relative to the rise

t ime  of the RC netwo rk (~~0. 1 msec) .  An es t imate  of the magnitude of this

e r ro r  was made by compar ing  the s igna l  input  to the ampl i f ier  produced by

.e step potential E
~ 

w i t h  that  produced by a decay ing  p otent ia l  E e th’ , the

l a t t e r  s i m u l a t i n g  the rapid fa ll  of the Aerospace pulser  pulse.  For the step
p o ten tia l ,  the  inpu t s i gna l  is ~iven by

RF R ~ R’~
1 - e )

where  R 100 kohm , R ’ = I Mohm , C 100 pF, and CRR’/(R R’) ~ 9 ~ IO~~
M e L .  F r o m  t h i s  e x p r e s s ion , the input signal to app roach full value the decay
of the calibration pulse should be many t i m e s  -

. For the case of the decaying

p oten ti al , the inp ut  s igna l  is ~z i v e n  by

R 1 - t/ ~ ~ f
1

z F 
- R~’ V 1 ’ — l )  (e — e )

wh ere  ‘ ‘ is  the decay t ime cons tan t . In the case of the Aerospace puteer ,
U ec. A comparison of the maximum values given by these two above

express ions  for  - - 

~ ~is ec and ‘‘~~~ .! ~ sec indicates that

E’.) d L .  f d ~ 01e M i i

E. 1 = 0 . 14
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This resu lt , experimentally confirmed , indicates that the levels set with the

Aerospace pul ser were approximately a (actor of 10 low . In stead of monit or-

ing only discharges exceeding 250 nC in the highest channel , discharges above

25 nC occur r ing  in the defective TWT would also have been detected . This
er ror  in calibration does not invalidate the results that confirm the hig h-

vol tage  defect  because the actual charge t rans fe r s  were directly measured
and show n to be in the microcou lomb range , substantially above the 250 nC

level.

The requ i rement  that the fall t ime of the calibration pulse be long ,

i . e . ,  g rea te r  than I msec, is s ign i f i can t ly  reduced if the RC detection c i rcui t
is r eplaced by a resonant  RLC c i rcu i t .  In this case , the fall time need only
be longer  than the resonance period . For a resonance frequency in the kilo-

h e rz  range , a (all t ime longer  t h a n  app roximately 10 t.&sec is required. As
i n  E i c .  .! , t~~ ’ eb - ~ . - t i - e i  i c r ’  n i t  in the p r e s e n t  Ai- ro spa u Sy s tem

is a RL C  netwo rk.

C. EFFEC~ OF CALIBRATION PULSE SHAPE

The ef fec t  of the  shape of the calibration pulse on excitation of the
resonant  oscUlation is c lear ly shown by use of a commercial  pulse generator
with variable r ise and fall t imes  and pulsewidth. The effect of a square pulse

wit h fas t  ( 0. ~seci  r ise  and fall is the genera t ion  of two resonant pulses.
one 1~~O deg - n e t  ~f phase wi th  respect to the other (F ig .  13-4) . Increasing the
fall t ime to  ‘ v~sec r e s u l t s  in a s ingle  pulse (F ig .  B _ c ) ;  shortening of th i s
e x c i t a t i o n  pulse c i -ces  not change t h i s  s ingle  pulse. Howeve r , If the fall t ime
is  kept at 0. 5 usec , the resonant  pulse ampl i tude and shape will vary as the
pulsewidth is sh - rtened , depending  on the relative phase of the two excited
oscillations. In the l i m i t  of very nar row pulsewidth V 1/4  period), the ex-
c i ted  amp litude becomes very small . The fall time of the calibration pulse
therefore  n-eust be at least several t imes  the oscillation period to avoid this
problem.

~46-
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- ‘. I~e-. -n .e n t  0-., i 1 1 a t i o n ~i } x ~ ited  by Fast  R i s e  and
Si - ~ Fal l  I ‘c i l s e . ~~ig  n.e l ou tpu t , ~ V /div :
b r a t i on  p u l s e , 10 m\  d i ’. tiT h e , 20 ~A s ( - c / d i v :
r i ’ ..’ t t i i i . - , I) . ~‘ ,. s tn. fa l l  t i~~~.t- , ~. O ~ sec .

F i g .  B - m ’ , R e c e e n a n t  Pu lse  E x c i t e d  by Hig h - V o l t a g e  Pulser .
E~, ( s i gna l o u t p u t i , S V / d i v :  E~ ( c a l i b r a t i o n  pulse) ,
200 V / d i v : t ime , 10 ~ sec/d iv :  C , 1000 pF : q ,
~~~() nC.
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The commercial  pulse generator ,  limited to a peak output voltage of 5 V ,
could be used onl y in the calibration of the low-level c i rcui t  show n in Fig. 2.
:~ h igh-vol tage  pulse c i rcui t  (peak voltage - 250 V) was designed and assembled
for calibration of the hi gh-level circuit given in Fig . 3. The calibration pulse
produced by this  un i t  has a fast rise and slow (all, well wi th in  the requirements
indicated above , and is shown in Fig. B - t  along w i t h  the  excit ed resonan t
pulse. This new u n i t  wi th  appropriate attenuation is also used for calibration
of the low-level circuit.
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